A copper-graphite brush is used as a sliding part in the electrical contacts of electrical machines and usually operates at elevated temperatures. This experimental research relates the dynamic properties of the copper-graphite brush to its
INTRODUCTION
Sliding electrical contacts are necessary whenever an electrical current needs to be transferred between a stationary and a rotating part, like in alternators or DC motors. A brush and a slip-ring or commutator, which form the contact, are the primary components that affect the lifetime of electrical machines. Therefore, a lot of attention has been given to the prediction of wear in electrical contacts [1] to [3] . The influence on the wear rate has been investigated for the sliding speed [4] to [6] , electrical current [7] to [9] , ambient conditions [10] and [11] , contact pressure [5] , [8] and [12] and material properties [13] to [15] of a brush. In addition to the mentioned parameters, attention has also been given to the dynamics of the brush through the coefficient of friction [16] , brush stability [17] and vibrations [18] to [21] .
The wear rate and dynamics of a copper-graphite brush are highly dependent on the properties of the brush material [1] . The material properties can be researched by differential thermal analysis (DTA) or by thermogravimetric (TG) analyses, e.g., Kuz'mina et al. [22] . They observed that an increase in the copper content in the composite leads to a change in the shape of the TG curves, while the binder properties, an ordinary compound of the brush composite, can be tested with differential scanning calorimetry (DSC) [23] . In addition to the DSC analyses, the material properties were also studied using hardness tests [24] .
The effect of temperature on the dynamic properties of the brush is not commonly referred to as an influencing wear parameter, and only a few studies have paid attention to these properties separately [17] , [20] , [22] and [25] .
The aim of this study was to analyse the effect of temperature on the dynamic properties of the copper-graphite brush and to compare it to the wear rate.
The dynamic properties were investigated through the natural frequencies, the hysteretic damping ratio and evaluated through the material's properties, i.e., hardness tests and DSC, while the wear rate was measured previously, see, e.g., [26] .
This research is organised as follows: in Section 1 the experimental methodology is introduced, in Section 2 the experimental results with a discussion are presented, and in Section 3 the conclusions are given.
EXPERIMENTAL RESEARCH
In the experimental research section the methods and conditions for the dynamic response analyses, DSC, hardness and wear rate are presented. The dynamic properties were researched using dynamic response analyses, compared to the wear rate of the copper-graphite brush. For an additional insight into the effect of temperature on the brush material's
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Dynamic Response Analyses
The dynamic response analyses were performed to evaluate the influence of the temperature on the dynamic properties of the copper-graphite brush. The experimental setup as shown in Fig. 1 was used, while the measurement principle is presented in Fig. 2 . The force sensor (Endevco 2312) with an in-line charge amplifier (PCB 422E35) was attached to the electrodynamic shaker head (Brüel & Kjaer Type 4824) and measured the excitation force applied to the brush. The steel brush fixture with the copper-graphite brush was attached to the force sensor. As shown in Fig. 1 , the copper-graphite brush was machined to a rectangular shape with dimensions of 6.4 mm × 4.6 mm × 12.0 mm. The dynamic response of the brush was measured in the Z direction using a laser vibrometer (Polytec CLV-700). The modal exciter was controlled in the open-loop mode using LMS scadas mobile.
A sine-sweep excitation from 1.0 kHz to 21.0 kHz was applied to the brush in the Z direction. In order to measure the influence of the temperature on the dynamic response, the copper-graphite brush was Joule heated with an electrical circuit using a controlled DC power supply. The temperature applied to the brush was increased from 21 • C to 245 • C with a step of 1 • C ± 0.5 • C. Due to the temperature stabilisation, each step took approximately 2 min. To increase the reliability of the data, five measurements were performed at each temperature and the test (the complete temperature cycle) was repeated twice.
The measurements from the force sensor and the laser vibrometer were used to calculate the mobility Y z (ω) [27] in the Z axis as:
where V z represents the response velocity in the Z direction and F is the excitation force. The mobility from Eq. (1) was then calculated to give the receptance α z (ω) [27] by:
where X z represents the complex amplitude in the Z direction, ω is the frequency, m is the rigid constant mass, k is the constant stiffness and d is the hysteretic damping coefficient. From the receptance defined in Eq. (2) the peak |α z (ω)| max was identified and the damping ratio ζ z of the copper-graphite brush was calculated with the half power law [27] , where the hysteretic damping model was used:
where ω n is the frequency at resonance, while ω 2 and ω 1 were the half-power frequency points, 3 dB below |α z (ω n )|.
Wear Rate
The wear rate of the dynamically excited copper-graphite brush over a wide range of operating
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Strojniški vestnik -Journal of Mechanical Engineering vol(yyyy)no, p-p conditions was reported previously [26] . The 90 tests were conducted for temperatures of the brush between 30 • C and 120 • C. The wear rate of the brush was identified with a camera using a digital image correlation, where the initial s 1 and final s 2 positions of the brush were measured. From the known cross-section A, the rotational speed v and the test duration t the wear rate was calculated using
and the temperatures of the brush were measured with an IR temperature camera.
Hardness Test
The measurements of the copper-graphite brush hardness were made with a hardness test device (EMCO Test -M4C 075 G3 R) according to the international standard EN ISO 6508 -Rockwell hardness test [28] , where the 15T scale was used.
The copper-graphite brushes were Joule heated with an electrical circuit using a controlled DC power supply. The temperature applied to the brushes was increased from 21 • C to 140 • C with a step of 10 • C ± 1 • C, while the timing for each step was the same as presented in Section 1.1. To increase the reliability of the data the hardness was measured before heating and at the stabilised temperature, where five measurements were performed at each temperature and the test (the complete temperature cycle) was repeated twice.
Differential Scanning Calorimetry (DSC)
DSC was performed to observe the glass-transition temperatures (TG) of the copper-graphite brush [29] . The brush was heated from 30 • C to 300 • C with a speed of 20 • C/min in an aluminium crucible with a nitrogen atmosphere, where the heat flow versus temperature was analysed. To increase the reliability of the data two measurements were performed and the test was repeated twice.
Chemical Compounds of the Brush
The chemical composition analyses were made by scanning electron microscopy (SEM -Jeol JSM-5610). The brush consists of approximately 60 wt% of graphite, 35 wt% of copper and 5 wt% of additives.
Every test was performed on a new brush and all the analysed brushes were from the same batch.
EXPERIMENTAL RESULTS AND DISCUSSION
The dynamic properties of the copper-graphite brush under different conditions were analysed using dynamic response analyses, as presented in Section 1.1. The receptance was calculated with Eq. (2) and presented in Fig. 3 , where the effect of temperature on the natural frequency in the Z direction is shown. The damping ratio (ζ z ) of the copper-graphite brush, which is shown in Fig. 6 , decreased with an increase of the temperature. With an increase of the brush temperature in the temperature range from 70 • C to 90 • C, a sudden increase in the damping by more than 15 % for all measurements was observed.
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" At the copper-graphite brush temperature of 90 • C± 5 • C an increase in the damping ratio and the wear rate was observed. As shown in Fig. 6 , there is a narrow temperature range where the brush wear rate increases by up to five fold, while above that temperature the wear rate was lower and constant. Therefore, additional analyses were required.
The damping ratio and the wear rate are highly dependent on the brush material's properties [1] . For this purpose a further investigation of the brush material was made with hardness tests (Section 1.3) and DSC (Section 1.4). As presented in Section 1.5, the graphite and copper are the main components of the analysed brush. From a previous analysis of copper by DSC measurements it is known that the recrystallization temperature is at 170 • C [30] . Furthermore, the brush also contains additives, which change the material properties. Kuz'mina et al. [22] observed the beginning of the pitch degradation of copper-graphite composites at 75 • C. They also observed the absence of moisture above 100 • C.
For the brush material the DSC analysis were carried out with two heating phases. The DSC curve presented in Fig. 7 presents first heating with the endothermic peak at 80 • C and exothermic peak at 180 • C. During the heating from 30 • C to 300 • C a polymerisation of the brush material in the temperature range from 80 • C to 270 • C was observed. At the beginning of the polymerisation, an endothermic peak was present, which can be attributed to removal of moisture and to actions of additives. The additives of copper-graphite brush mostly consist of phenolic resin. At that temperature the resin molecules have restricted mobility [23] . Exothermic peak at 180 • C corresponds to polymerisation peak temperature which is more distinct and at the same temperature as minimum of damping ratio. Therefore the relation between damping ratio (ζ z ) and DSC is presented in Fig. 8 . After the beginning of the polymerisation the material properties of the brush changes significantly.The damping ratio decreases rapidly up to polymerisation maximum temperature.
After the first heating phase the brush material completely polymerised.
The wear behaviour of the sliding contacts is normally calculated using the Holm-Archard law, as shown in Eq. (5) [31] and [32] :
where V wear is the wear volume, k is the wear coefficient, deduced from the experimental data, F N is the normal force, g T is the relative sliding distance between the materials and H denotes the hardness, which is equal to the mean contact pressure of the surface that is worn away [32] .
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Fig. 7. DSC analysis and wear rate as a function of the copper-graphite brush temperature

Fig. 8. Damping ratio (ζ z ) vs DSC as a function of the copper-graphite brush temperature
Therefore, hardness measurements of the copper-graphite brush were performed. From the hardness measurements shown in Fig. 9 a decrease in the hardness up to 50 %, in a narrow temperature range from 80 • C to 90 • C, was observed. In this temperature range large deviations of the hardness measurements were observed (ten measurements at each temperature -inside shaded regions). This deviations are related to the spread in the brush material's composition. Because the brush is manufactured with a sintering process there are small deviations in the composition, i.e., the portion of phenolic resin in the brush or the porosity of each sample [33] and [34] . The porosity of the sample also depends on the portion and distribution of the moisture in the brush sample. In this temperature range the majority of the moisture is removed from the brush material [22] . The removal of moisture from the copper-graphite brush material leads to more free space in the pores, which makes the brush softer and accelerates the oxidation process of the copper, which also leads to deviations in the hardness between the samples. At higher temperatures the brush is out of moisture. The hardness results confirm that the copper-graphite brush became softer at 80 • C to 90 • C, which reflects in the damping ratio and the wear rate.
Fig. 9. Damping ratio (ζ z ), wear rate and hardness as a function of the copper-graphite brush temperature
At 80 • C the phenolic resin, which is the main additive in the copper-graphite brush, has restricted the mobility of the resin molecules [23] . Consequently, the combination of resin and moisture phenomena affect the wear rate, Fig. 10 . An increase in the hysteretic damping ratio was observed at 80 • C. This increase is related to the material properties of the copper-graphite brush. The brush became softer at that temperature, which was confirmed by the hardness measurements. From the hardness, DSC and damping-ratio analyses we found that the temperature has a crucial effect on the brush Wu, G.-N. (2014) .
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CONCLUSIONS
The temperature's influence on the dynamic properties like the hysteretic damping ratio (ζ z ) of the copper-graphite brush compared to wear rate was analysed. At 80 • C the sudden increase of damping by more than 15 % was observed. The sudden increase of damping is connected to changes in the copper-graphite brush material properties. At this temperature it was found that the endothermic peak was present, the polymerisation of copper-graphite brush was started and the brush become softer. It's hardness decreased by 50 %. At the temperature range of 80 • C to 90 • C the moisture removes from the brush material which softer brush and accelerate oxidation.
In the narrow temperature range 90 • C± 5 • C the copper-graphite brush is softer and has additives which has restricted mobility of the resin molecules [23] at that temperature an increase of wear rate up to a five-fold was observed.
